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 Abstract  : An experiment is performed to study the composite focal mechanism of 
acoustic emissions in Abukuma-granite under uniaxial or biaxial cyclic loading by using 
P-wave data of several hundred events. Piezoelectric transducers were used to observe  P-
wave initial motions at six points on a rock specimen. The composite distribution of 
observed polarities on a focal sphere generally fits the P-wave radiation pattern expected 
theoretically not for tensile cracking but for shear cracking. The polarity distribution 
during loading in the uniaxial compression test is consistent with the radiation pattern of 
shear cracking at a fracture angle (the angle between the loading axis and the fault plane) 
of 30' rather than  45'. In the biaxial test, the observed data of P-waves satisfy well the 
focal mechanism obtained by assuming that the pressure and the tension axes coincide with 
the maximum loading direction and the minimum one to which no force is applied. This 
means that a  local stress field causing an individual acoustic emission is nearly equal to the 
global one applied to the specimen.
1. Introduction
   Since crustal earthquakes are considered as sudden ruptures of rocks, a considerable 
number of laboratory experiments have been made on the deformation-fracture process 
of rocks to understand the precursors and source mechanism of an earthquake. Mogi 
(1962) showed that many acoustic emissions (AE's) were observed prior to the main 
fracture of rock. Scholz (1968 b) investigated the frequency-magnitude relation of AE 
events. He found that the  m  -value of  Ishimoto-Iida's statistical relation decreased 
before the fracture of a rock sample. Mogi (1968) indicated from the study of AE source 
locations that microfractures, which were randomly distributed at low stress levels, 
tended to concentrate on an eventual failure zone at high stress levels. These are 
suggestive of a seismicity pattern related to the occurrence of a large earthquake. Thus 
the investigation of an AE is of great importance not only for elucidation of the 
deformation-fracture process of rock but also for physical understanding of the faulting 
process of a large earthquake. However, there is a large gap in space and in time 
between an AE in laboratory and an earthquake in the earth, and we know little of a 
physical similitude between these phenomena. 
   Speaking about the source process of an AE, for example, crack sizes and stress
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drops have been estimated by Maeda et  al. (1975), Wu and Thomsen (1975), Hirasawa et 
 al. (1976), Kaneko and Ito (1977), Kusunose et  al. (1979, 1980). In all of these studies 
except in Wu and Thomsen (1975), AE sources were assumed to be of tensile type, 
because the cumulative number of AE counts was approximately in proportion to the 
amount of dilatancy as found by Scholz (1968 a). No direct evidence, however, has been 
found for the presumption of tensile type cracking. 
   Recently, to clarify the source mechanism of AE events, Kusunose et  al. (1981) made 
an analysis of a composite focal mechanism by using a distribution of P-wave initial 
motion directions of AE signals observed in a compression test of a granite sample. 
They suggested that AE sources were of shear type cracking at stresses of about 80% of 
fracture strength. But the direction of the tension axis on a focal sphere was not 
definitive because of their uniaxial compression test. Thus, it was difficult to identify 
the relation between a local stress field generating an AE and the global one applied to 
the specimen. Sondergeld and Estey (1982) also examined the focal mechanism of AE 
events in a uniaxial compression test by using the distribution of P-wave initial motions 
on a focal sphere. They determined the directions of pressure and tension axes in the 
focal mechanism solution of a single AE event from eight observed polarities as well as 
in the composite solution obtained from spatially clustered events, suggesting that AE 
sources could be identified as shear cracking. Their result of the focal mechanism, 
however, does not seem to be indisputable probably because of the uniaxial compression 
test and of an insufficient number of data. 
   In this paper we present the results of composite focal mechanisms of AE events 
obtained from a quantity of data under uniaxial and biaxial compressions for granite. A 
biaxial compression test, in which the directions of global maximum and minimum 
principal stresses are definitive in a specimen, is more suitable for studying the composite 
focal mechanism of AE's than a uniaxial compression test . 
2. Experimental Design and Polarity Response of Transducer 
   Rock specimens  (Abukuma-granite) were subject to uniaxial and biaxial compres-
sions by a closed-loop  servocontrolled testing machine . Porosity, apparent specific 
gravity and wave velocities of the specimen are given in Table 1. In each experiment, 
wave-forms of AE signals , elastic wave velocities, stresses and strains were measured. 
The loading histories in the experiments are schematized in Fig .  I. The granite speci-
mens were cyclically loaded in  uniaxial and biaxial modes with the highest stress of
Table  1 Porosity, apparent specific gravity and wave velocity of 
        Abukuma-Granite
 Abukuma-granite
Porosity 
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Fig. 1. Loading histories of uniaxial and biaxial compression tests. The 
   loads indicated by solid lines are in z-axis for uniaxial and in  y-axis for 
   biaxial compression, and the load by dashed line is in x-axis for biaxial 
   one, as defined in Fig. 2.
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 Fig.  2. Location of sensors placed on each specimen. 
   Circles and rectangles show PZT transducers and strain 
   gages, respectively. Sample sizes are given in milli-
   meter. Also shown is the Cartesian coordinate system 
   used in the text.
about 90 MPa. The reason why cyclic loads were applied to the specimens is not only 
to investigate the focal mechanism of AE's but also to clarify so-called stress memory 
of rock (Holcomb, 1981). We discuss the focal mechanism of AE's in this paper, and will 
wrap up the study on stress memory of rock in another paper. 
   Fig. 2 shows the sample size and the location of transducers and strain gages on each 
sample. The block diagram of the measuring system is illustlated in  Fig.  3. Six 
piezoelectric transducers (PZT) of compressional mode (5 mm diameter, 2 MHz resonant 
frequency) were used for AE detections. AE-signals from the six transducers were 
captured by transient-memories at digitization rate of 10 points per microsecond to have 
a 2048-point sample for each channel after pre-amplification (40 dB) and low-cut filtering 
(200 kHz) to reject mechanical noises. The analog waveforms of six channels were 
automatically stored on magnetic tapes, where it took 0.2 sec to record each event of
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   directions of P-waves.
(b)  20ps 
preliminary experiment on the 
a transducer. (a) Location of 
on a half column of brass. (b) 
Arrows indicate the first motion
about 0.2 msec length in real time . That is to say, the dead time in our recording system 
is about 0.2 sec. 
 Compressional and shear wave velocities of the sample were measured at several 
stress levels in each experiment by the pulse transmission method with PZT transducers 
of compressional and shear modes . We used one transducer to generate elastic waves 
by applying rectangular pulses of about 400 Volts and the others to receive the signals . 
The obtained values of wave velocities were used to determine AE hypocenters . 
   A preliminary experiment was made to check up a polarity response of the trans -
ducer to a P-wave initial motion at various incident angles . As illustrated in Fig. 4 (a),
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ten transducers were positioned on a half column of brass . Nine are wave  sources 
generating P-waves with the same polarity and one is a receiver. The receiver captured 
the P-waves at incident angles from  5° to  85°. The recorded wavetrains are shown in 
Fig. 4 (b). The arrows indicate the first motion directions. Thus , the polarity response 
of the PZT transducer is confirmed to be the same at incident angles from  5° to  85° and 
to be faithful to a P-wave initial motion polarity of an AE signal even at a low incident 
angle. 
   The sense of each transducer response to a  compressional or dilatational P-wave 
initial motion was inspected on the rock sample in the following way . An artificial 
pulse, whose first motion was compression, was generated by hitting a surface of the 
sample. The transducers on the opposite surface received the artificial pulse. Thus , we 
can distinguish the motion direction of compression in the recorded signal . 
3. Stress-Strain Behavior and Hypocenter Distribution 
3.1 The case of uniaxial compression 
   The wavetrains of AE signals on magnetic tapes were visualized by a  pen-recorder  ; 
the tape speed during playback were reduced to 1/20 times that during recording in 
experiments. An example of AE signals recorded at six observation points is shown in 
Fig. 5. Small solid circles indicate the P- and the S-wave arrivals, and arrows indicate 
the P-wave first motion directions detected for the composite focal mechanism. P- and 
S-wave arrival times were read by the use of a digitizer. P-wave arrivals could be 
picked to within an accuracy of about 1  usec. AE hypocenters were determined by a 
least-squares technique under the assumption that a rock specimen is an isotropic and 
homogeneous medium. To estimate the error of event locations, we determined the 
known position of the PZT used as a source for velocity measurements from the six 
observed data of P-wave arrival. The difference between the calculated position and 
the real one was about 1 cm. 







 20  ps
Fig. 5. Examples of wavetrains recorded 
   by six transducers in the uniaxial test. 
   The number to the left of each 
   wavetrain denotes the recording trans-
   ducer, and points below and above the 
   wavetrains indicate P- and S-wave 
 arrivals, respectively. Arrows indi-
   cate P-wave first motion directions. 
   The upward direction corresponds to 
   the compressional response.











 1\  I
 Uniaxial
         2000 1000 0 -1000 -2000 
 STRAIN  (pstrain) 
         Fig. 6. Stress-strain curves obtained for the last two cycles of cyclic uniaxial 
            compression. Solid and broken curves indicate average longitudinal strains 
            in the z-(loading) axis and in the x- and y-(transverse) axes, respectively  (cf. 
             Fig. 2). 
compression test, where the strain is an average value of four measurements made at the 
central parts of four faces of the specimen (see Fig . 2). Solid and broken curves show 
the strains in the loading direction and in the transverse direction , respectively. It is 
found from the figure that the rate of increase in the strain of the transverse direction 
begins to increase significantly at a stress level of about 50 MPa . This indicates that the 
number of tensile cracks markedly increases from this stress level . The strain behavior 
of transverse direction is somewhat complicated at stresses of about 80 MPa . This 
complication resulted from a sudden release in strain at one of four observation points . 
We estimate from this strain behavior that the strength of this granite specimen in a 
uniaxial compression is roughly 80 MPa . 
   The results of event location in this experiment are shown in Fig . 7. In the figure, 
(III) and (IV) indicate the third and the fourth loading, respectively , and the numerals 
show stresses applied in the respective loading . The z-axis corresponds to the loading 
direction. The hypocenters were sparse near the ends of the specimen and tended to 
concentrate around the center as the applied stresss increased . We could determine a 
hypocenter neither in the first nor in the second loading as there was no AE that was 
detected at four or more observation points . 
3.2 The case of biaxial compression 
 Fig.  8 shows the stress-strain curves obtained during the last two cycles of the 
biaxial  compression test, where the strain is an average value of four measurements 
made at the central parts of the two free surfaces of the specimen (see Fig . 2). The solid 
and broken lines indicate the average strains in the y- and x-axes , respectively, as
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defined in Fig. 2. From the stress-strain curves, we cannot define the critical stress 
where the volumetric strain showed a rapid increase because of no measurement of 
strain in the direction normal to the free surface. However, Table 2 shows that P-wave 
velocity of the specimen in this direction has a maximum value at a stress of 66.6 MPa. 
It is concluded from this that the critical stress is somewhere between 66.6 MPa and 87.2 
MPa. 
   All the AE hypocenters that were determined in the biaxial compression test are 
illustrated in Fig. 9. The z-axis corresponds to the direction normal to the free surface 
of the rock specimen. The x- and the  y  -axes correspond to the maximum and inter-
mediate loading directions in the second loading (II), and vice versa in the first (I) and the 
third (III). We could determine 16 hypocenters in (I), and 114 in (II), and 274 in (III). 
The results show no appreciable change in the spacial pattern of hypocenter distribution 
with an increase in the applied stress or in the number of loading cycles. That is to say, 
the results do not show such clustering of hypocenters as was suggested by Scholz (1968), 
Mogi (1968), and Nishizawa et al (1981). The lack of clustering in our experiment is due 
probably to the fact that our applied stresses were not  sufficiently high compared with 
the fracture strength of the sample. The uniform distribution of hypocenters suggests 
that the granite specimen had a macroscopically uniform stress field.
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Fig. 8.  Stress-strain curves obtained for the last two cycles of 
   cyclic biaxial compression. The solid and broken curves
   indicate average longitudinal strains in the loading direc-
   tions of y- and x-axes, respectively (cf. Fig. 2).
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Fig, 9. Locations of all the AE 
hypocenters determined in the biaxial 
test, including those determined out-
side the specimen. The cases  (I), (II), 
and (III) indicate the first, the second, 
and the third loading cycles. The 
numbers of hypocenters determined 
are 16 in (I), 114 in (II), and 274 in (III). 
The Cartesian coordinate system 
defined in Fig. 2 is also shown.
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4. Composite Focal Mechanism of AE Events 
4.1 The case of uniaxial compression 
   The data of P-wave initial motion directions, as shown in Fig . 5, were used to find 
a composite focal mechanism solution of AE events. The obtained solution should 
represent a mean stress field causing AE's. Fig. 10 shows the distribution of P-wave 
initial motions superposed on the upper half of a focal sphere by means of equal area 
projection, where the left top figure is the case of loading and the other figures are those 
of unloading in the uniaxial compression test. In the figures, the  z-axis is taken to be 
parallel to the loading axis. The dashed circle indicates the angular distance of  45° from 
the loading axis (z-axis) on the focal sphere. The number of dilatational data are found 
to be much more than that of compressional data in the region enclosed by the dashed 
circle in the loading case, and vise versa in the unloading case. 
   If an individual AE is generated by shear cracking caused by a local stress field
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identical with the global stresses applied to the specimen , the fracture angle (the angle 
between the loading axis and the fault plane) of the shear crack is theoretically expected 
to be  45°, assuming no friction between crack surfaces, as a first approximation . If this 
is true in the loading case, the loading axis is regarded as the pressure (P-) axis in the 
focal mechanism, while the tension (T-) axis is theoretically indefinite . Thus, only 
dilatational data are expected in the region enclosed by the dashed circle and both 
compressional and dilatational motion data are expected outside the dashed circle in the 
left top of Fig. 10. On the other hand, if an AE is caused by purely tensile cracking , the 
polarity of a P-wave initial motion should be compressional in all directions, as shown 
theoretically by Sato (1978). It is concluded from this theoretical consideration that the 
observation in the loading case of  Fig.  10 is consistent with the radiation pattern of shear 
cracking caused by the local stress field almost identical with the global stresses applied 
to the specimen, to reject the hypothesis of tensile cracking. In the unloading case , on 
the other hand, the observations suggest another possibility for a cracking mode , because 
the number of compressional data is much more than that of dilatational data . This will 
be discussed later. 
   In Fig. 11, we plotted the ratio of the number of compressional or dilatational P-
wave initial motion data to the total number of data calculated for every five degree 
interval in incident angle. The dashed curves are theoretical ratios derived from the 
assumption that the fracture angle of shear cracking is  45°. In other words, the theoreti-
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Fig. 11. The ratio of the number of  com-
   pressional or dilatational P-wave  ini-
   tial motions to the total number of 
   data. The ratio is calculated for 
   every five degree interval in incident 
   angle. Solid and open circles show 
   the ratios of the numbers of  compres-
   sional data and dilatational ones, 
   respectively, to the total number of the 
  data. Dashed and solid curves indi-
  cate theoretical ratios obtained by 
   assuming shear cracks whose fracture
  planes are inclined by  45' and  30  , 
   respectively, from the loading axis.
FOCAL MECHANISMS OF ACOUSTIC EMISSIONS 11
or a compression (the bottom figure of Fig. 11) at an arbitrary point of a given incident 
angle on the focal sphere, where the loading axis is assumed to coincide either with the 
pressure axis in the loading case or with the tension axis in the unloading case. If some 
frictional force acts on the crack surfaces, the fracture angle of shear cracking should 
be less than  45°. We calculated the theoretical probability defined above for a fracture 
angle of  30° as an example. The result is shown by solid curves in  Fig.  11. The
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Fig. 12. Composite focal mechanism of AE events observed at each stress 
   range in the biaxial compression test of granite. The numerals given at 
   the bottom indicate the ranges of the maximum principal stress in the 
   biaxial test. The cases (I), (II), and (III) correspond to the first, the 
   second, and the third loading cycles, respectively. Solid and open circles 
   indicate compressions and dilatations, respectively, of P-wave first 
   motions. Solid curves, P, and T are P-wave nodal planes, the pressure 
   axis, and the tension axis determined theoretically from the applied 
   stresses. The score is also given to each solution, where it is defined as 
   the ratio of the number of the data consistent with the theoretical 
   solution to the total number of data.
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theoretical curve of  30' satisfies the observed data better than that of  45° in the loading 
cases. It is thus concluded that shear cracking at a fracture angle of about  30° generates 
an AE in loading of the uniaxial compression test.
4.2 The case of biaxial compression 
   Fig. 12 shows the result for the biaxial compression test. The nodal lines are drawn 
theoretically from the directions of applied stresses. That is, the P-axis corresponds to 
the maximum loading direction, and the T-axis corresponds to the direction normal to 
the free surface of the specimen. The T-axis is definitive in a biaxial compression test 
in contrast with a uniaxial one. If AE events are generated by shear cracking due to 
local stress fields nearly identical with the global stresses applied to the specimen , the 
composite distribution of P-wave initial motions on a focal sphere should be consistent 
with this theoretical solution of the focal mechanism . On the other hand, if AE events 
are caused by purely tensile cracking, the polarities of the P-wave initial motions are 
expected to be compressional in all directions as mentioned in the case of uniaxial 
compression. The fractional number given in the figure denotes the ratio of the number 
of data consistent with the theoretical solution to the total number of data. The values 
of the ratio are found to be mostly above 70%. This implies that AE events are 
generated by shear cracking reflecting the global stress field throughout all the stress 
levels in the biaxial compression test. The observed result for 66.6-87 .2 MPa clearly 
indicates that the local stress field causing shear cracking does not differ significantly 
from the global one even in the high stress range. In this stress range, the number of 
tensile cracks is found from the observed velocity change to increase appreciably, as 
noted in the previous section.
5. Discussion
   The shear type focal mechanisms of AE's were found at various stress levels, even 
at a dilatant stage of rock, in uniaxial and biaxial compression tests. This result is 
consistent with those obtained by Kusunose et al. (1981) and Sondergeld and Estey (1982). 
Furthermore we have found from the biaxial test that the pressure and the tension axes, 
respectively, on a focal sphere are parallel to the direction of the maximum compression 
and to the direction normal to the free surface of the specimen. In this section we will 
discuss some of our results. which have not been clarified in the previous studies. 
   The polarity distribution of  P-wave initial motions in a granite specimen under 
uniaxial compression can be explained by shear cracking whose fracture plane is inclined 
from the loading axis by  30° rather than by  45°. Generally, an ultimate shear fracture 
plane is inclined at about  30° from the maximum compression axis for most rocks 
(Handin, 1969). If we assume that the  coefficient of internal friction is 0.6, the shear 
stress takes the maximum value at about  30° from the compression axis under uniaxial 
compression. Applying the maximum shear stress fracture criterion to microfractures, 
our results suggest that microfractures generating AE's are shear fractures with a 
frictional coefficient of about 0.6 in the granite specimen .
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   AE activity is quite low during unloading. For this reason, it is difficult to deter-
mine the focal mechanism of AE events in the unloading case. However, some polarities 
of AE events generated at low stresses in unloading were detected, as shown in Fig. 10. 
The pressure and tension axes on the focal sphere in the unloading case of stress ranging 
from 80 to 40 MPa seem to be reverse to those in the loading case. That is, the loading 
axis, which is the pressure axis in the loading case, seems to be the tension axis in the 
unloading case for relatively high stresses. Moreover, we find for stresses between 20 
and 0 MPa in unloading that the ratio of compressionl data to the total number of data 
is very high. The ratios in the region where the incident angle is larger than  45° are 66% 
in unloading from 80.0 to 60.0 MPa, 50% from 60.0 to 40.0 MPa, and 85.7% from 20.0 to 
0.0 MPa. Thus, the ratio in the last case is much larger than the others. This may 
suggest that some of tensile cracks radiate elastic waves in cracking and that AE events 
due to tensile craking become significant particularly at low stresses in unloading. 
   The presence of tensile cracks has been well established by the studies using a 
scanning electron microscope (SEM) (Tapponnier and Brace,  1976  ; Kranz, 1979), while 
shear cracks have rarely been observed by SEM. Nevertheless, our analysis of P-wave 
initial motions of AE's indicates that AE's are generated by shear cracking, like the 
studies by Kusunose et al. (1981) and by Sondergeld and Estey (1982). This apparent 
discrepancy comes probably from that the thickness of a shear crack generating AE is 
below the resolution of SEM. 
   Our results in loading cases confirm that AE's are generated by shear cracking in a 
granite specimen from a low stress level, where cracks at large angles to the compression 
axis may be closed, to a high stress level, where dilatancy occurs. Our result, however, 
does not exclude the possibility that shear cracking with an AE is followed by tensile 
cracking with or without an AE, because only P-wave initial motions were used to obtain 
the focal mechanism. Considering the phenomenon of dilatancy, it is no doubt that 
tensile cracks exist in the granite specimen under compression and play an important 
role in its deformation characteristics. Brace et  at. (1966) proposed a model of tensile 
cracks coupled with shear cracks for the existence of local stress fields of pure tension 
in a macroscopically compressional stress field. Our result is considered to be an 
evidence for their model.
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